1. Introduction {#s0005}
===============

The human wrist is a complex arrangement of eight carpal bones ([Fig. 1](#f0005){ref-type="fig"}). Within the collection of carpal bones, the scaphoid plays a key role in carpal stability and wrist mechanics [@b0005]. Scaphoid fractures account for approximately 60--70% of all carpal fractures [@b0010], which predominantly occur in young, active men of working age who fall onto an outstretched hand [@b0015]. When healing of the fracture fails (nonunion), the period in which the hand is immobilized sometimes exceeds 4--6 months, resulting in productivity loss and associated costs for society [@b0020].Fig. 1The scaphoid articulates with 5 surrounding bones. It plays a key role in the stability of the wrist and wrist mechanics.

To identify fractures that are prone to nonunion, 13 different scaphoid fracture classification systems are available. The classification systems are based on (1) fracture location, (2) fracture plane orientation, and (3) fracture stability/dislocation [@b0025]. Although scaphoid fractures have an overall union rate of 90%, scaphoid bone fragments with a 1-mm (mm) dislocation are associated with union rates up to only 55% [@b0030]. Within the group of patients with a dislocation it is not clear why the union rate is low, since fundamental understanding of mechanisms and causes of poor healing are lacking. An important reason for this knowledge gap is that current diagnosis of fragment instability is based on plain radiographs or CT scans of a static wrist. Steady-state imaging cannot reveal inter-fragmentary scaphoid motion when moving the wrist [@b0035], although it is likely that inter-fragmentary motion will play an important role in fracture healing [@b0040]. We hypothesize that fragment displacement is not correlated to fragment instability; and concurrent nonunion is related to inter-fragmentary motion and not to interfragmentary dislocation.

2. Aim of the trial {#s0010}
===================

*Primary objective:* What are the differences of interfragmentary motion patterns between displaced and non-displaced scaphoid fracture fragments?

*Secondary objective:* Is there a correlation between the motion patterns found between scaphoid fracture fragments and the development of a scaphoid nonunion?

3. Methods {#s0015}
==========

3.1. Study population {#s0020}
---------------------

All patients with an acute scaphoid fracture are informed about the research project during their visit to the emergency department. Information is provided through personal explanation and written brochures. Subjects are included after signing a written informed consent.

### 3.1.1. Inclusion criteria {#s0025}

-Patients with a one-sided acute scaphoid fracture (on radiograph or CT scan)-Patients are over the age of 16 years-Patients who are willing and able to give informed consent

### 3.1.2. Exclusion criteria {#s0030}

-History of trauma (treated with a cast or surgically) to the contralateral non-fractured wrist-Not able to understand the written informed consent-(Peri-)lunar dislocation-Pain, to the degree that the patient is not able or willing to move the hand

3.2. Trial site and sample size calculation {#s0035}
-------------------------------------------

This protocol describes a prospective cohort pilot study and will be conducted at the Academic Medical Center (AMC), Amsterdam. It is the first time that this technique is used for the clinical evaluation of acute scaphoid fractures. A power analysis is performed with the nQuery advisor program. When the sample size is 12, a two-sided 95% Confidence Interval (95%-CI) for a single mean will extend 0.566*δ* from the observed mean, assuming that the standard deviation is *δ* and the confidence interval is based on the large sample *z* statistic [@b0045]. In total we aim to include 24 participants: 12 participants with a displaced scaphoid fracture and 12 participants with a non-displaced scaphoid fracture.

3.3. Planned study conduct {#s0040}
--------------------------

After inclusion in the emergency department, patients will undergo a standard CT scan and a 4D-CT scan of both wrists with the Somatom Force CT scanner (Somatom Force, Siemens Healthineers, the Netherlands).

Based on the standard CT-scan, the patient will be categorized into:-Nondisplaced or minimally displaced fractures-Displaced fractures; defined as a \>1-mm step-off between the bone segments. This is measured as a translation of a scaphoid fragment relative to the inertial axis of the scaphoid.

When the patient is in pain, pain medication will be provided, according to the pain medication protocol of the emergency department and on discretion of the treating physician. Patients presented to the emergency department in evenings, nights or weekends and willing to participate, will be scanned during the cast change in the first week after presentation ([Fig. 2](#f0010){ref-type="fig"}).Fig. 2Workflow diagram for patients with a scaphoid fracture. A 4D-CT scan during flexion-extension and radioulnar deviation of both wrists is obtained. ^\*^Patients are followed up until the scaphoid fragments are united.

### 3.3.1. Hand motion protocol {#s0045}

Both wrists of the patient are scanned during flexion--extension (FE) and radioulnar (RU) deviation. The patient is scanned in prone position, with the arm extended forward. The wrist is placed in a special positioning device to immobilize the elbow and to fixate the radius. The device has a grip bar and FE and RU motion axes. The RU axis is locked and a low dose 4D-CT is made in 10 s when the patient moves the wrist actively from extension to flexion. A second 4D-CT scan is made after the FE axis is locked and a 10 s active motion from radial to ulnar deviation follows. First the unharmed wrist is scanned. A regular dose static CT scan of the forearms in neutral position is obtained, to evaluate the alignment of the fracture fragments after wrist motion. The neutral position is accomplished by aligning the third metacarpal with the dorsal surface of the forearm.

### 3.3.2. Image acquisition {#s0050}

The 10 s of 4D-CT data acquisition will result in 32 volume reconstructions. Each volume reconstruction belongs to a certain position of the hand during the dynamic motion. For reconstruction of the bone geometry, we will acquire a regular static 3D-CT scan of the forearm in neutral position, with a slice thickness of 0.6 mm.

### 3.3.3. Segmentation of carpal bones and radius {#s0055}

The Articulus program © (Academic Medical Center Amsterdam, University of Amsterdam) is used for segmentation and analysis of the 4D data. Segmentation of the carpal bones and radius is created through threshold-connected region growing, followed by a binary closing algorithm for filling residual holes and closing of the outline based on the regular CT image. Then a Laplacian level-set segmentation growth algorithm is used to advance pixel dispersion toward the edge of the bone [@b0050]. The distal and proximal fragments of the scaphoid are segmented individually. The scans of the left wrists are mirrored to right wrists before segmentation for the purpose of comparing motion patterns.

### 3.3.4. Registration of translations and rotations of individual bones {#s0060}

After segmentation, the 3D bone models and/or fragments will be registered to the respective frames in the 4D scan. Registration is a semi-automatic procedure, which starts by aligning the bones/segments with the respective bones in the first frame of a 4D scan. If the inter-frame repositioning is relatively small the registration procedure can automatically find the position in consecutive frames [@b0055]. Visual inspection is required to assess whether correct alignment is established.

### 3.3.5. Identifying the fracture location {#s0065}

The fracture location is quantified by aligning the proximal segment of the affected scaphoid model with the healthy scaphoid model of the contralateral bone. A central axis is determined, along which the healthy scaphoid model is subdivided into three regions of equal length. The regions are used to identify the fracture location. To categorize the fractures, the percentage of the fracture that lies in the proximal, central or distal third part of the scaphoid is determined ([Fig. 3](#f0015){ref-type="fig"}). The central axis is further used to quantify the dislocation of the bone segments. The central axis is calculated using the points describing the healthy scaphoid model by calculating the centroid and the moment of inertia tensor. Eigenvector analysis of the inertia tensor provides three eigenvectors and eigenvalues. The central axis runs through the centroid and in the direction of the eigenvector with the smallest eigenvalue.Fig. 3Division of the scaphoid into three parts of equal length as measured along the central axis: distal (no. 1), central (no. 2) and proximal (no. 3) part of the healthy scaphoid.

### 3.3.6. Describing kinematics {#s0070}

An anatomical coordinate system for the radius will be placed by a computerized positioning algorithm [@b0060]. The origin of the coordinate system is located midway between the radio-scaphoid fossa and the radio-lunate fossa of the distal radius. The *Z*-axis is parallel to the long shaft of the radius that intersects with the origin. The *X*-axis is the line perpendicular to the *Z*-axis in a plane defined by the tip of the radial styloid, the base of the concavity of the sigmoid notch, and the specified origin. The *Y*-axis is defined as the common line perpendicular to both the *X*- and *Z*-axes. The +*X*-axis is the axis of flexion (φ*x* ≥ 0°) and extension (φ*x* \< 0°); the +*Z*-axis is the axis of supination (φ*z* ≥ 0°) and pronation (φ*z* \< 0°); and the +*Y*-axis is the axis of radial (φy ≥ 0°) and ulnar (φ*y* \< 0°) deviation (rotation sequence *y*, *x*, *z*).

### 3.3.7. Treatment and follow-up {#s0075}

Based on the radiograph or CT scan, used to diagnose the acute scaphoid fracture, the standard treatment care and follow-up will be maintained. Displaced fractures will undergo surgical treatment by screw fixation; non-displaced fractures will receive cast treatment without immobilization of the thumb [@b0065]. Follow-up will be conducted with CT scans at 1½, 3 and 6 months (Somatom Force, and Somatom AS+, Siemens Healthineers, the Netherlands).

3.4. Statistical analysis {#s0080}
-------------------------

The 4D-CT scan provides 32 different time frames of one motion cycle. We defined global wrist motion as the rotation and translation of the capitate with respect to the radius [@b0070]. The norm of the translation parameters (Δ*x*, Δ*y*, Δ*z*) and rotation parameters (ϕ*x*, ϕ*y*, ϕ*z*) is used to represent the translation and rotation error [@b0075].

To be able to answer what the differences are between interfragmentary motion patterns of displaced and non-displaced scaphoid fracture fragments, the rotation and translation error of the distal scaphoid, relative to the proximal scaphoid during FE and RU motion will be described using a linear mixed model analysis. To correlate the amount of motion to time to union, the Holm test adjusted for multiple comparisons will be used. To evaluate different motion parameters between the injured and non-injured wrist of the same individual, we will use a linear mixed model analysis.

3.5. Methods for minimizing bias {#s0085}
--------------------------------

*Minimizing selection bias:* All patients that meet the inclusion criteria and give informed consent will be included in this trial.

*Minimizing attrition bias:* The trial is prospectively registered in the Dutch Toetsingonline trial registration system (number: NL60680.018.17). Selective reporting is avoided by publishing this trial protocol according to the STROCSS guideline [@b0080].

*Minimizing other bias:* Financial relationships and conflicts of interest that could influence the outcomes of the trial will be stated explicitly.

4. Ethics and data protections {#s0090}
==============================

This study is approved by the Medical Ethics Committee of the Academic Medical Center, Amsterdam. Publishing the protocol of this study is in compliance with the STROCSS guideline to strengthen reporting in surgical cohort studies [@b0080]. The radiation exposure of 4D-CT scans in addition to conventional CT scanning is within the category IIa (0.1--1 mSv) of the International Commission on Radiological Protection (ICRP), which qualifies as: minor risk. No healthy control group is needed, since the contralateral wrist of the patient is scanned. A subject's identification code list will be used to link the data to the subjects. The investigator will safeguard the key to the code. The handling of personal data complies with the Dutch personal Data Protection Act.
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